In order to clarify the process of the secondary recrystallization in commercial copper, textures, microstructures and individual grain orientations have been examined by means of X-ray diffraction, scanning electron microscopy (SEM) and SEM-electron channeling pattern (SEM-ECP) methods.
It is well known that the primary recrystallization texture of heavily rolled copper sheet shows cube texture, although it is affected by various factors such as deformation procedure, annealing condition, initial grain size, rolling temperature and chemical composition(1)- (8) . However, secondary recrystallization texture of the sheet which showed originally cube texture in primary recrystallization has not been well established. For example, Dahl and Pawle (9) and Cook and Richards (10) reported {210} <001> and {110}<112> as the preferred orientation of secondary recrystallization, respectively. Kronberg and Wilson (11) <111> orientation relationships between the cube texture and the secondary recrystallization orientations. Abe and Yamada (13) found that the cube texture develops as the secondary recrystallization texture in a high purity electrolytic nickel sheet.
On the other hand, extensive studies of secondary recrystallization in a silicon steel sheet have recently revealed that the potential nuclei of secondary (Goss) grains exist in the primary grains at a certain depth under the sheet surface (14) - (17) and such grains sometimes do not have size advantage (16) (17) , although the largegrain hypothesis for secondary recrystallization nucleation has been widely accepted (18) - (20) . Very little information has been available on the potential nuclei of secondary grains in primary grains of copper sheet. Accordingly, it is important to examine the orientation of individual grains in a very sharp cubic structure for a better understanding of secondary recrys-tallization not only in copper but also in silicon steel sheet. In order to clarify the secondary recrystallization in copper, the textures after primary and secondary recrystallization were measured by means of X-ray diffraction and the selected area channeling pattern method in a scanning electron microscope.
The starting material used throughout the investigation was a commercial copper (OFHC) bar, containing 0.0009mass% O, 0.0003 mass% P and 0.01 mass% S. Initial grain size was approximately 0.05mm (a fine grained sample). A block with the dimensions of 50mmx40mmx35mm was cut from the bar and straight-rolled to sheet about 0.35mm in thickness. This sample will be named A.
In order to investigate the effect of initial grain size on recrystallization, coarse grained material was prepared from the commercial copper bar by 30% compression followed by annealing at 1273 K for 10.8ks in a vacuum. The grains grew to aprroximately 0.5mm (a coarse grained sample) and this material was straight-rolled to sheet about 0.35mm in thickness. This sample will be named B. The amount of reduction per every pass was 1mm using the work rolls 250mm in diameter. The reduction in thickness of all the samples used in this experiment was approximately 99%.
During heavy cold rolling, the ear was pro- FeCl3+HCl+H2O mixture. The microstructures were observed by an optical microscope (OM) and a scanning electron microscope (SEM). In addition, the selected area channeling pattern method in a scanning electron microscope (SEM-ECP) was also used to determine an individual grain orientation. (Various circles will be discussed later.) It is apparent that the secondary grains show preferred orientations.
Since secondary recrystallization of this sample was likely to be initiated at the ear, orientations of primary grains in the ear were analysed. The orientations were widely dispersed, but several grains were found to have the same orientations as those of secondary grains in Fig. 2 . Orientations of these grains are plotted in Fig. 3 .
Various factors other than ear, such as rolling procedure (8) , initial grain size(3)(11), annealing atmosphere(21) etc., have been considered to affect secondary recrystallization.
Therefore, the factors were checked in this work. First, we investigate the effect of rolling procedure using the sheet prepared by zigzag-rolling of fine grained copper, where the feed direcrad) to the longitudinal one per every pass. The final thickness of sample was the same as that of A. This sample is named C. The primary Fig. 10 The positions of [100] poles obtained from the secondary-recrystallized grains in copper sheet after straight-rolled by 99% with coarse grained sample and annealed for 3.6ks at 1273K in a vacuum of 2Pa. Fig. 11 The positions of [100] poles obtained from the secondary-recrystallized grains in copper sheet after straight-rolled by 99% and annealed for 3.6ks at 1313K Fig. 12 The variation of intensities of (200) planes through the thickness from the surface to the center of the primary-recrystallized copper sheet after straightrolled by 99% and annealed for 7.2ks at 773K in a tion was never detected. The orientations of secondary grains are plotted in Fig. 11 , which is similar to Fig. 6 have never been observed so far. Namely, the distribution of the orientations of secondary grains in the fine grained sample C without ear, Fig. 6 , corresponds approximately to that of primary grains etched preferentially, Fig. 5 . Similarly, the primary grains with the orientation identical with secondary grains in Fig. 10 are found in the coarse grained sample B, as shown in Fig. 9 . Furthermore, as shown in Fig. 3 , some of primary grains in the ear of the fine grained sample A are quite similar in orientation to secondary grains in the sample A with ear, Fig. 2 . These observations suggest that the potential nuclei of secondary recrystallization already exist in primary grains with an extremely sharp cube orientation and possess special orientation relationships to the cube orientation.
Many investigators showed that the orientations of secondary grains growing in a cube texture matrix were related to those of the samples B and C. Therefore, these grains seem to have potency to grow into secondary grains during annealing at higher temperatures. In spite of numerous experiments, we could not find any potential nuclei in the sample A, suggesting that the number of potential nuclei was too small. All of the current analysis of nucleation of secondary grains take into account a size advantage of a potential nucleus (14)(15)(20) and driving force resulting from grain boundary energies (21) . However, the off-cube oriented grains with the C.S.L. boundary are as large as the adjacent grains, as shown in Fig. 13 . The rate of secondary recrystallization in copper was experimentally uncontrollable. That is, secondary recrystallization in the sample A detected at 948K, while it proceeded too rapidly to control at 973K. Therefore, the potential nuclei are considered to grow just before secondary recrystallization.
This implies that the size advantage of a potential nucleus does not hold in secondary recrystallization in copper.
Pease et al. (16) (23) showed that the presence of grains with the C.S.L. boundaries was required as potential nuclei for secondary recrystallization. The present result is in good agreement with their conclusion. In addition, it should be noted that the above described C.S.L. boundaries in copper are considered to have higher grain boundary energies than other boundaries, since most of the primary grains in a sharp cube texture matrix consist of low angle boundaries.
In other words, this means that the existence of a sharp cube texture, which suppresses normal grain growth, is required for secondary recrystallization in copper. Namely, the sharp cube texture acts as a kind of inhibitors to normal grain growth. This criterion is supported by the present observations that secondary recrystallization occurs when most of primary grains (the samples A and C) or clusters of primary grains (the sample B) have a sharp cube texture. The distribution of orientations of secondary grains in the sample A (Fig. 11) is quite different from that in the sample B (Fig. 10) , although they are similar to those in the sample C (Fig. 6 ). Orientations of a few grains in Fig.  6 , which can not be explained by the circles of the C.S.L. orientations, may result from slightly different rolling procedure. From the fact that the distribution of orientations of secondary grains in the sample A is similar in appearance to the sample C and is close to that of primary grains with the off-cube orientation in the sample C (Fig. 5) , it is most likely that the obtained orientation relationship by rotation about [100] is applicable to fine grained samples. On the contrary, the orientation relationship by the rotation about [111] seems to appear in the coarse grained sample. The reason why the orientation axis depends on initial grain size, i.e. the degree of sharpness of primary cube texture, is uncertain at present, but it may be responsible for different deformation microstructure. As shown in Fig. 2 , the orientation relationships with the rotation axes [111] and [100] coexist in the fine grained sample A with ear, suggesting that deformation microstructure in the ear is different from that in the center of the sheet. Thus, it is concluded that initial grain size as well as rolling procedure is a very important factor controlling the orientation relationship between secondary grains and the cube orientation, although many investigators did not take into account. ‡X .
Conclusion
The primary and the secondary recrystallization texture have been examined in commercial copper with fine grains (0.05mm) after straight-rolling and zigzag-rolling and with coarse grains (0.5mm) after straight-rolling. The main results are summarized as follows.
(1) The primary recrystallization textures after straight-rolling and zigzag-rolling showed very sharp cube orientation. In the coarse grained sample, the primary recrystallization texture showed a weak cube mixed with random orientation according to X-ray diffraction.
(2) Primary recrystallization microstructures were investigated by SEM-ECP in the fine grained sample after straight-rolling and zigzag-rolling. About 150 grains in the fine grained sample after straight-rolling had the from the cube orientation were present at the rate less than 1% in the sample after zigzagrolling. Clusters of grains with cube and scattered orientations were observed in the coarse grained sample after straight-rolling. (3) Secondary recrystallization was affected by the initial grain size before cold rolling, rolling procedure, annealing conditions and the ear produced by heavy rolling reduction. The secondary recrystallization orientations are related to the primary recrystallization grained sample. Some grains with such a C.S.L. boundary were found to be present in the primary-recrystallized sample, although such grains did not show any size advantage.
(4) The extremely sharp cube texture, consisting of low angle boundaries, inhibits the normal grain growth and leads to secondary recrystallization.
(5) Local inhomogeneities of primary recrystallization texture through the thickness of sheet were not observed in the straight-rolled copper.
